INTRODUCTION
The influence of dynamic and thermal recovery on the high temperature behavior of structural alloys is well.recognized [1, 2] (see Figs. 1 and 2 ).
For example, recovery is believed to play a major role in one of the central structural problems relating to liquid metal breeder reactor design, the probl&irrqf thermal ratchetting. Failure to account for recovery effects in structural analyses involving repeated thermal transients has been shown to give cjualitatively incorrect and rioncbnservative predictions of ratchetting 'in sortie instances [3] . Special provisions for taking;recovery into account (e.g., the so called d-reset procedure) [4] are now finding their way into documents for guiding structural analysis ,.in the U.S. nuclear industry. The effects of thermal ratchetting have also tieen observed in thrust nozzle liners of reusable rocket engines.
A second area in which recovery effects are thought to play a primary role, and one that impacts essentially all high temperature system design, is that of creep crack growth under creep/fatigue (variable stress) conditions. Creep (state) recovery is believed to be one of the main causes of acceleration of crack growth in the creep regime and under variable loads.
A study by Kubo [5] , using the same constitutive relations [2, 6] employed in the present work, has shown that the experimentally observed acceleration of creep cracks under variable stress can be predicted through the inclusion of appropriate mechanisms of recovery in the constitutive relations.
In this paper we discuss a third area of mechanics in which recovery is In the vast majority of creep buckling studies the constitutive model used has been of the Norton type [7] [8] [9] in which the (steady state) creep rate is taken as a function of stress and temperature alone. Some investigations have made use of hardening theories [10] [11] [12] that include a primary creep phase. However, these theories do not generally allow for inelastic state recovery and, consequently, for rejuvenation of primary creep. These constitutive theories are adequate in the case of constant loading but may significantly over predict the time to buckling under certain types of variable loading.
Here, we examine the elevated temperature creep buckling problem under variable loading using the simple Shanley model [13] of a column but with a constitutive model [2, 6] that embodies a representation of both dynamic and thermal recovery. The constitutive model is that developed principally by Robinson at Oak Ridge National Laboratory and NASA Lewis Research Center and, as indicated earlier, was that used in the studies concerning creep crack growth by Kubo.
The present study was motivated partly by the occurence of what appears to be local ratchetting-buckling failures in the throat liner of the main thrust nozzles of reusable rocket engines, notably the NASA Space Shuttle main engine. For that reason the material parameters used in the constitutive equations are chosen to represent a copper alloy, Narloy -Z, which is typical of materials used in rocket engine thrust nozzle liners.
We shall first state the constitutive model and, secondly, specify the geometry of the Shanley column model. We then investigate creep buck!ing behavior under constant loading; cyclic loading which includes relatively rapid load reductions and reversals (dynamic recovery); and cyclic loading which includes intermittent reductions of load for extended periods of time (thermal recovery). Some of the calculations are repeated fqr comparison using a roughly equivalent Norton type creep model. A discussion is given of some physical aspects associated with the constitutive model and the results and finally, we state the conclusions drawn from the study.
THE CONSTITUTIVE THEORY
As indicated earlier we make use of the constitutive law reported in The parameter values for Narloy -Z were determined from uniaxial tensile and stress relaxation test data. As the complete data base normally required to characterize a particular alloy using the present constitutive theory was not available the tensile and relaxation data had to be considered sufficient.
Tensile data were found [14] over a wide temperature range (~30-811K) but at only a single strain rate 0.002/s. Limited stress relaxation data [15] were found at the temperature 811K (1000F); these were used in the absence of creep data. The most serious data deficiency in the present
context concerns the lack of tests giving a direct measurement of recovery The column model adopted here is the sandwich idealization introduced by Shanley [13] and used by Kachanov [16] and others. The column geometry is indicated in Fig. 5 . All of the deformation is presumed to occur in the slender bar elements 1 and 2 of length h and cross sectional area A/2. The remainder of the column of length L (L»h) remains rigid. The width of the column, i.e., the distance separating bars 1 and 2, is also taken as h.
The column is loaded by a time dependent load P(t) (shown positive); the lateral displacement of the load point at any time is denoted by u(t).
The stress and total strain in bars 1 and 2 are denoted by oj, 02 and GI = 6j/h and 62 = ^2^» respectively.
Equilibrium requires that°2
+ °i = 2o o and 4o u •2 -"1 • -H- • -.
; in which, u 0 is the initial displacement (imperfection). The rate form of the compatibility relation, is .
•••' ^Decomposing the total strain rates in each bar into elastic and inelastic contributions gives where E is the Young's modulus as specified in equation (5) . The inelastic *P "P strain rates t\ and $2 are » °^ course, obtained by applying the inelastic constitutive equations (1) T (4) to each bar.
Combining the equilibrium equations (8) and (9), the compatibility equation (12), and the constitutive relationships (13) and (14) leads to Under constant compressive stress (i.e., o 0 <0 and o 0 -0), and in * P "P the absence of inelasticity (e = e =0), equation (15) gives the Euler critical stress for the idealized column as°c = 4L
Further, calling P = ~ (17) and n-.^j- (18) where n is termed the nondimensional displacement, we have from equation (15) Now, from equation (6)
o -°1
and from equations (12), (13), (14) and (18) The coupled system of equations (1), (2), (3), (19), (20) and (21) In all cases, the criterion defining the critical time to buckling t c is taken as n-%-l
Th'is is/equivalent, under constant load, to the criterion
i.e., the stress in bar element 1 becoming zero.
Behavior Under Constant Load
In all calculations the compressive load is first applied from zero, where the deforming elements are considered in a virgin state (i.e. Load histories involving larger stress reversals produce increased state recovery. Figure 11 shows the state path in bar 2 for the fully reversed load depicted in insert c (Fig. 7) . Here, the effect of dynamic recovery at each unloading/reloading cycle returns the state point well back into the primary creep regime. As observed earlier, clear evidence of the rejuvenat.ion of primary creep after each loading cycle is seen in curve c, with the : tot,al effect of diminishing the critical buckling time by about 30%. As the period of application of the rapid loading cycles (T O = 0.15)
.was chosen quite arbitrarily, we now investigate the effect of the frequency of load cycles. Figure 12 shows the buckling response curves H(T) for load (Fig. 1) . This formulation is intended as an idealization of a physical process whereby the dislocation structure (or the associated structure of internal stress) is abruptly altered with a reversal of the applied stress, because previously immobilized dislocations are remobilized on their slip planes [18] . As the inelastic state variable a is taken as an averaged, phenomenological measure of the dislocation microstructure (or its associated internal stress state), it too should reflect a rapid change as the stress is reversed.
The specific functional form of the first of equations (2) is made in accordance with the experimental results of Mitra and McLean [19] . The second equation (2) can be considered an analytical continuation of the first, evaluated at a 0 (small a) in the first quadrant of the state space, into the second quadrant; or with symmetrical response in tension and compression, at -a Q in the third quadrant into the fourth quadrant. This amounts to a highly idealized representation of the underlying physical process but, to an increased creep rate on reapplication of stress (Fig. 2) . Physically, , this macroscopic behavior is associated with thermally activated, diffusion controlled microscopic processes such as climb of edge dislocations, allowing dislocations, in time, to bypass immobilizing obstacles, thus producing a softer state (smaller a). The important material parameters in equations (2) are R, m and B. Ideally, these parameters are determined from both creep data and information obtained from stress or strain transient dip tests [6] that provide a direct measurement of thermal recovery. Again, as these data were not readily available for the alloy Narloy-Z, the pertinent parameters were inferred indirectly from available data. As discussed earlier, this approach although not optimal, is considered consistent with the present objectives.
CONCLUSIONS
We have examined the creep buckling response of an idealized (Shanley) column under some special variable loadings. The two types of loading considered amount to superpositions of the following load sequences on a constant applied load: 1) rapid cyclic unloading/reloading sequences involving stress reversals, and 2) cyclic loading that includes intermittent reductions of load for extended periods of time (at temperature).
Although the sandwich column model used is highly idealized, the constitutive model is quite comprehensive, in as much as it incorporates a representation of dynamic and thermal (state) recovery. There is substantial experimental evidence that many structural alloys embody internal mechanisms at elevated temperature that allow inelastic strain rates to increase (recover) following periods of hardening. In particular, this is believed to be true for the representative copper alloy Narloy-Z characterized here.
The loading sequences examined are not intended to represent prototypical loading histories for any particular structural component; instead, they were chosen to best illustrate the generic influence of both dynamic and thermal recovery on structural behavior in the presence of a creep induced instability. It is expected that qualitatively similar behavior will accompany more realistic variable loading conditions, (and more realistic structures), and that neglect of state recovery effects in such cases will lead similarly to nonconservative predictions of the critical time to creep buckling.
We now list the conclusions drawn from this study:
• State recovery (dynamic and thermal) can have a significant effect on creep buckling behavior, i.e., on the critical time.
• Failure to account for state recovery in the constitutive equations can lead to nonconservative predictions of the critical buckling time under variable loading.
• A classical Norton-Bailey type creep law as commonly used in creep buckling analyses, does not account for state recovery and therefore may significantly over predict the time to creep buckling under variable loading.
• • • ' . It is important that constitutive models which are to be used in creep buckling analyses involving variable loading allow for recovery for Narloy Z at various temperatures. Strain rate is .002/s.
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